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Abstract
Electrochemical double-layer capacitors (EDLCs) have recently received an enormous attraction due to their ability to produce
higher power density without compromising the durability. Producing cheaper, safer, and more durable devices obviously brings
more benefits to the modern world applications. This investigation was carried out to optimize an ionic liquid (IL)–based gel
polymer electrolyte (GPE), to fabricate an EDLC using the optimized electrolyte with natural graphite electrodes, and to
characterize the performance of the device. Electrolyte was prepared with the IL, 1-ethyl-3-methylimidazolium chloride
(1E3MICl); the polymer poly(vinylidenefluoride)-co-hexafluoropropylene (PVdF-co-HFP); and the salt, zinc chloride
(ZnCl2). The electrochemical properties of the electrolyte were evaluated by electrochemical impedance spectroscopy (EIS),
DC polarization test, and linear sweep voltammetry (LSV), and the EDLC was characterized by EIS, cyclic voltammetry (CV),
and galvanostatic charge–discharge (GCD) test. The optimum composition was found to be 26% PVdF-co-HFP:52%ZnCl2:22%
1E3MICl (weight percentages) with the room temperature conductivity of 1.85 × 10−3 S cm−1 and ionic transference number of
0.72. EDLC exhibited a single-electrode specific capacitance of 4.92 F g−1 with 65% retention over 1000 cycles as per CV test. In
the GCD results, the EDLC was able to held discharge capacitance of 3 F g−1 for complete 1000 cycles. The durability of the
EDLC with this IL-based GPE shows a great potential in the energy applications with further enhancements.
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Introduction

Depletion of fossil fuel as well as the swift increase of energy
demand forced people to think about renewable energy
sources more and more. To continuously fulfill the energy
demand, energy storage devices have become an essential
component in such an infrastructure. Therefore, producing
high performing energy storage devices has gained a lot of
interest among the researchers worldwide. One of the major
approaches for this is producing highly efficient electrolytes.
Development of polymer electrolytes (PEs) drew the attention
as they find applications in lithium batteries as well as in other

electrochemical devices such as supercapacitors [1]. These
polymer electrolytes have several advantages over their liquid
counterparts such as no internal shorting, leakage of electro-
lytes, and non-combustible reaction products at the electrode
surface existing in the liquid electrolytes. To avoid majority of
these problems while keeping the advantages of liquid elec-
trolytes, “gel polymer electrolytes (GPEs)” which are neither
liquid nor solid have been suggested. GPEs possess both co-
hesive properties of solids and the diffusive properties of liq-
uids. In addition, they exhibit higher conductivity than con-
ventional PEs. These unique characteristics make them suit-
able to consider for various important applications [2, 3].

GPEs are mainly consisting with a salt/solvent mixture
encapsulated with a polymer host [4]. But these organic sol-
vents are well famous for their toxicity. In addition, they carry
somemajor demerits such as volatility and flammability. Ionic
liquids (ILs) have emerged as one of the promising substitu-
tions to organic solvents currently in high energy density de-
vices. They have the ability to add superior properties such as
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higher potential tolerance, faster ion transference rate, higher
ionic transference number, and the good retention caused by
the low vapor pressure in operating temperatures which are
most of time staying below 100 °C [5]. On the other hand,
cost-effective reliable electrodes may also play the counterpart
of the electrolyte to produce the improvement in devices. As a
substitute for the traditional expensive and less safe elec-
trodes, graphite-based electrodes have been identified due to
their outstanding properties such as the higher surface area for
a unit mass, minimum electrochemical reaction rate, good
mechanical stability, and the higher conductivity without
compromising the less complicated procedure of appliance
in addition to the higher natural abundance. Chemical deposi-
tion on the graphite layers is also minimal compared with the
other substances. Therefore, graphite electrodes are extremely
beneficial for the devices which are optimized for higher pow-
er densities [6]. Supercapacitors are notable for their high
power density and quick charge–discharge capability with
considerable amount of energy density which is an important
property of a device that needs quick burst of energy for a brief
period of time such as for accelerating an electric vehicle [7].

In this study, IL-based GPEs were prepared with 1-ethyl-3-
methylimidazolium chloride (1E3MICl), zinc chloride
(ZnCl2), and poly(vinylidenefluoride-co-hexafluoropropylene)
(PVdF-co-HFP). Conductivity of the system was optimized by
varying the composition. GPE was characterized by DC polar-
ization test and the linear sweep voltammetry (LSV) test. Then,
the GPE with the optimum conductivity was used to fabricate
electrochemical double-layer capacitors (EDLCs) with Sri
Lankan natural graphite as the electrodes, and they were char-
acterized using electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), and galvanostatic charge–
discharge (GCD) test.

Methodology

Preparation of gel polymer electrolytes

Suitable amount of PVdF-co-HFP (average Mw ~ 40000,
Sigma-Aldrich) was dissolved in acetone with magnetic stir-
ring. ZnCl2 (98%, Sigma-Aldrich) and 1E3MICl (95%,
Sigma-Aldrich) were added later into the solution and contin-
uously stirred until a homogeneous blend was obtained. Then,
the resultant transparent mixture was poured in to a well-
cleaned petri dish and the solvent was left to evaporate.
Thereby, a bubble-free, uniform, mechanically stable thin film
was obtained.

AC conductivity measurements

A circular piece of the sample was separated and sealed in
between two stainless steel (SS) electrodes in a spring-

loaded sample holder. Impedance data were collected in be-
tween the frequency range 0.1 Hz to 400 kHz with a Metrohm
impedance analyzer (M101) for different temperatures within
28 to 55 °C. Then, the composition of GPE was optimized to
obtain the highest value for the conductivity. It was selected to
continue with further characterization.

Conductivity (σ) of the electrolyte was calculated by:

σ ¼ 1

Rb

� �
� t

A

� �

where Rb is the bulk resistance of electrolyte, t is the thickness,
and A is the area of cross section of the electrolyte film [8].

Transference number measurements

A circular-shaped sample was separated from the film and
sandwiched in between two SS electrodes. Then, a constant
potential was applied while measuring the current through the
electrolyte with time. The ionic transference number (ti) was
calculated using the equation with the DC polarization test
results:

ti ¼ I i−Ioð Þ
I i

where Ii is the initial current and Io is the stable current [9].

Electrochemical stability window

Electrochemical stability window decides the stable potential
range of charge and discharge of an electrolyte. Linear sweep
voltammetry (LSV) test was carried out with SS/IL-based
GPE/Zn electrode electrolyte configuration to find the electro-
chemical stability window of the electrolyte. Current through
the system was measured using a potentiostat (Metrohm
M101).

Preparation of graphite electrode

Natural graphite was obtained from Bogala Graphite Lanka
Ltd., Sri Lanka, and ultrasonic homogenizer was used to son-
icate graphite with acetone in ambient temperature to form a
homogeneous paste. Then, the paste was applied thoroughly
on two cleaned fluorine-doped tin oxide (FTO) glass plates
with a surface area of 1 cm2. The mass of a single electrode
was measured using an electronic balance (Radwag).

Fabrication and characterization of EDLC

The EDLC was fabricated with an IL-based GPE sandwiched
within a pair of graphite electrodes.

Electrochemical impedance spectroscopy (EIS) test for the
EDLC was performed with Metrohm Autolab Impedance
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Analyzer M101 at ambient temperature. The real (C′(ω)) and
imaginary (C″(ω)) parts of the complex capacitances were
calculated from the complex impedance of the system as be-
low.

C0 ωð Þ ¼ Z″ ωð Þ
ω Z ωð Þj j2

C″ ωð Þ ¼ Z 0 ωð Þ
ω Z ωð Þj j2

where Z(ω) is the complex impedance with Z ′ (ω) and Z ″ (ω)
being the real and the imaginary parts, respectively. ω = 2πf
where f is the frequency [10].

Cyclic voltammetry (CV) test was done in various potential
windows, and thereby, the optimum window was chosen with
the highest single-electrode specific capacitance (Csc) value. It
was used to find the optimum scanning rate of the system. The
continuous CV test was done for 1000 cycles. Csc was calcu-
lated through:

Csc ¼ 2 ∫IdV
� �

=ΔVSm

where ʃIdV is the area under cyclic voltammograms, m is the
mass of a single electrode, S is the scan rate, and ΔV is the
applied potential window [11].

Galvanostatic charge–discharge (GCD) test was donewith-
in 0.1–0.9 V range with a constant current of 0.1 mA using the
Metrohm impedance analyzer to obtain the single-electrode
specific discharge capacitance (Csd) of the EDLC.

Csd ¼ I

m
dv
dt

� �

where I is the current, m is the mass of a single electrode, and
dv/dt is the drop rate of the potential (excluding IR drop of
discharge).

Results and discussion

Optimizing the electrolyte

EIS tests were carried out over a frequency range of 0.1 to 400
kHz, and the Nyquist plot of one of the electrolytes investi-
gated at 28 °C is shown in Fig. 1.

Nyquist plots represent the imaginary versus the real parts
of the complex impedance of individual electrodes. The Rb of
the polymer electrolyte can be obtained from the intercept on
the real axis of the Nyquist plot. In this work, the semi-circular
portions corresponding to the high-frequency region are ab-
sent, indicating that the majority of the current carriers in the
electrolyte medium are ions. The obtained inclined spike

corresponding to the lower-frequency region is due to
double-layer capacitance in a cell with an ion-blocking elec-
trode (SS) configuration [12].

Impedance data was used to calculate the conductivity of
the electrolytes. Figure 2 shows the ambient temperature (28
°C) conductivity variation with respect to the IL weight
percentage.

Conductivity increased with the IL concentration, and the
value of conductivity began to drop after the IL concentration
reached 22 weight percentage. This concludes that the opti-
mum conductivity in the room temperature of 1.85 × 10−3 S
cm−1 can be obtained from the composition of 26% PVdF-co-
HFP:52% ZnCl2:22% 1E3MICl weight percentages. Also, the
samples with higher IL concentrations than 25weight percent-
age began to deform and a clear separation among materials
was observed on the membranes.

Fig. 1 The Nyquist plot of one of the electrolyte investigated
compositions at 28 °C

Fig. 2 Room temperature conductivity (σRT) variation with respect to the
IL (weight percentage)
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Ionic conductivity (σ) is dependent on ion concentration
(n) and the mobility of the ions (μ) as given by:

σ ¼ neμ

where e is the charge. A possible reason for the initial en-
hancement of ionic conductivity is the increase of the concen-
tration of mobile charge species with the increase IL concen-
tration. The ionic conductivity began to decrease after IL con-
centration reached 22% in weight. It may be caused by the
dominant effect of viscosity of the medium that limits the
ionic mobility. In addition to that, at higher charged ion con-
centrations, the mobility decreases due to the formation of ion
agglomerates [13].

Conductivity variation with the temperature

A substantial increment of ionic conductivity can be seen with
the temperature as a general trend. When temperature in-
creases, ions become thermally energetic and their mobility
increases. In addition, with the temperature increase, viscosity
decreases resulting in higher mobility. These all contribute
finally for the conductivity escalation [14]. However, varia-
tion of conductivity with temperature differs from one system
to another. It is because there are two main conducting mech-
anisms that govern the conductivity temperature behavior in
different systems. They are the Arrhenius behavior and Vogel-
Tamman-Fulcher behavior.

i. Arrhenius behavior

σ ¼ σ0exp −
Ea

kBT

� �

where kB is the Boltzmann constant. Ea is the activation energy.
Here, ion conduction is assumed to be taken place via hopping
of ions in between coordination sites. The graph of ln (σ/S
cm−1) versus 1000/T takes the form of a straight line if a par-
ticular system behaves according to the Arrhenius behavior.

ii. Vogel-Tamman-Fulcher (VTF) behavior

σ ¼ AT−1
2exp

Ea

kB T−T 0ð Þ
� �

where A is an exponential factor, Ea is the activation energy,
kB is the Boltzmann constant, and T0 is the equilibrium glass
transition temperature. Polymer segmental relaxation and the

Fig. 3 Ln (σ/S cm−1) values with respect to the 1000/T

Fig. 4 Resulted DC polarization plot for the blocking electrodes

Fig. 5 Linear sweep voltammograms to determine the potential window
of the electrolyte
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increase of the free volume cause the curvature shape of the
VTF behavior [15].

Since the plot shows a straight line, the presence of the
Arrhenius behavior can be observed from this study as illus-
trated in Fig. 3.

Transference number measurements

Since SS electrodes are blocking ions, polarization of the ions
take place initially and cause the rapid drop of the current. The
stable current is caused by the electrons which are not blocked
by the electrodes. Figure 4 shows the resulted plot of the
current variation with time. Calculated ti is 0.72. This shows
that GPE is more or less an ionic conductor.

Electrochemical stability window

It is important to determine the stable potential range of an
electrolyte before going into any kind of potential applications
[16]. LSVwas used here to determine the potential window of
the electrolyte. Figure 5 shows the outcome of the LSV test.
Thereby increasing the potential after 0.9 V, the current flow

began to increase dramatically which has the potential to dam-
age to the electrolyte. Below 0.1 V, a drop of potential can be
seen. Hence, the potential window from 0.1 to 0.9 Vwas taken
as the stable potential range that can be applied on the system
without a risk of damage to the electrolyte.

Electrochemical impedance measurements for EDLCs

As shown in the Fig. 6, the Nyquist plot obtained for the EDLC
has near semi-circle shape followed by a tilted spike when the
frequency is decreased. The Nyquist plot of an ideal EDLC has
two semi-circles at high- and mid-frequency ranges and a
straight line at the low-frequency range which represent the
internal resistance of the electrolyte, electrode electrolyte inter-
face resistance, and capacitive behaviors, respectively [12]. In
this study, it was not possible to observe the high-frequency
semi-circle probably due to insufficient frequency range. The
second semi-circle was not having the perfect semi-circular
shape exhibiting the surface roughness and the poor contacts
in between the electrolyte and the electrode surfaces [17].
Theoretically, the spike should be parallel to the Z″-axis if the

Fig. 6 The Nyquist plot for the full range of frequency and the high-
frequency plot obtained for the EDLC

Fig 7 a The plot of C′(ω) with
respect to the logarithmic scale of
frequency. b The plot of C″(ω)
with respect to the logarithmic
scale of frequency

Fig. 8 Cyclic voltammograms taken within various potential windows
with 10 mV s−1 scan rate
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system shows pure capacitive features. Due to surface rough-
ness of electrodes, a tilted spike can be present.

Figure 7a and b show the Bode plots of the real C ′ (ω) and
imaginary C ″ (ω) parts of the complex capacitance as a func-
tion of frequency. The maximum Csc corresponds to the max-
imum C ′ (ω) and it is 1.96 F g−1. A drastic drop of Csc upon
increasing frequency and eventually reaching to zero is ob-
served in Fig. 7a; at lower frequencies, capacitive properties
become dominant whereas resistive properties override capac-
itive properties with the increase of the frequency.

Relaxation time constant (τR) is a quantitative measure of
the reversible charge–discharge rate of the EDLC and can be
calculated using:

τR ¼ 1

2π f 0

where frequency of maximum C″(ω) occurs is f0 [18].
According to this, relaxation time constant of the device is
1.87 s indicating that ion transfer is fairly fast. This is an
indication for existence of proper charging and discharging
behavior of the fabricated device.

Cyclic voltammetry test

Figure 8 illustrates the cyclic voltammograms obtained for
EDLC in various potential windows at the scan rate of
10 mV s−1. All cyclic voltammograms obtained with a

minimum potential value of 0.1 V and consequently increased
the maximum potential. When the width of the window in-
creased beyond 1.0 V, the current through the device began to
increase rapidly. This hints the unstable nature of the EDLC
beyond that value. To avoid deterioration of the device that
prefers a large number of charge–discharge cycles, the opti-
mum window was taken as 0.1–0.9 V range. LSV results also
backed up this potential window as explained before. Also,
there were no distinct peaks appeared in any part of the win-
dow confirming that no redox reactions took place [19]. Since
the charge storage mechanism at the carbon-based electrodes
is not associated with any redox reaction, near rectangular
shape of all cyclic voltammograms is a characteristic feature
of an EDLC which involves accumulation of charges at the
electrode/electrolyte system [6].

For the selected potential window of 0.1–0.9 V, scan rate
was changed (Fig. 9a) and the Csc was calculated simulta-
neously to find the optimum scan rate for the test.

Here, the lower scan rates such as 5 mV s−1 has the poten-
tial to give excessive Csc values compared with higher scan
rates as shown in the Fig. 9b. But the higher scan rates were
much preferred since they complete the cycles faster in addi-
tion to the reduction of side reactions which may cause un-
necessary accumulations, surface structural changes, and
chemical depositions [20]. Therefore, 20 mV s−1 was chosen
as the optimum scan rate for the continuous cycling since it
has a considerably higher capacitance.

Fig. 9 a Cyclic voltammograms
taken with different scan rates
within 0.1–0.9 V potential
window. b Csc variation with
respect to the scan rate of the
cyclic voltammograms

Fig. 10 a Cyclic voltammograms
from the continuous cycling test.
bVariation of the single-electrode
specific capacitance of cyclic
voltammograms with the cycle
number
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Continuous cycling of an EDLC is one of the important
considerations in practical applications. Figure 10 a depicts
the resulting cyclic voltammograms and Fig. 10 b shows Csc

variation with the cycle number using continuous CV test
done within the potential window of 0.1 to 0.9 V and at the
scan rate of 20 mV s−1.

Csc of the EDLC was 4.92 F g−1 initially and decreased
with the cycle number as in general. After 1000 cycles, it
was about 3.22 F g−1. Csc retention was therefore turned out
to be above 65%, and the decrease of Csc could cause due to
loss of interfacial reactions between the electrode and electro-
lyte and also due to degradation of electrolyte and/or elec-
trodes [21].

Galvanostatic charge–discharge test

Figure 11a illustrates few GCD cycles obtained, and Csd cal-
culated from constant charging and discharging with respect
to the cycle number is illustrated in Fig. 11b.

Pattern of the cycles during charging and discharging are
almost symmetric. And change of charge–discharge proce-
dures at the set potentials takes place without any deviation.
This guarantees the absence of any parasitic reactions. TheCsd

at the first cycle was found to be 3.06 F g−1, and for the whole
1000 cycles, it was nearly at a constant value. The steady
capacitive behavior of the fabricated EDLC can be confirmed
with the result [22]. There is a small drop and a regain of the
Csd can be observed around 200th cycle. This may be caused
by side reactions, and the regain can explained through the
self-healing property of polymer electrolytes [23].

Conclusions

The optimum composition of GPE was found as 26% PVdF-
co-HFP:52% ZnCl2:22% 1E3MICl by weight. When the IL
concentration increases above 22%, the conductivity began to

decrease and further increase caused the membrane to deform.
The conductivity variation with respect to the temperature
shows the Arrhenius behavior. From the DC polarization test,
the ti was found to be 0.72 and the stable potential window
was from 0 to 0.9 V by LSV.

An EDLC with the configuration graphite/1E3MICl-based
GPE/graphite was fabricated successfully at room tempera-
ture. Impedance results reveal a maximum Csc of 1.96 F g−1

with τR of 1.87 s. The continuous CV test was done in the
optimized potential window of 0.1 to 0.9 V at a scan rate of
20 mV s−1. The Csc of the EDLC was about 4.92 F g−1 and its
retention was above 65% over 1000 cycles. The initial Csd at
the first cycle of the GCD test was found to be 3.06 F g−1 and
was nearly constant for 1000 cycles. Moreover, the EDLC has
a good stability and its degradation during the cycling is neg-
ligible. This can be used as an energy storage device in the
future with further developments, and more studies will en-
hance the performance of the device.
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